Background and purpose There are several diagnostic tests for periprosthetic joint infection (PJI). We evaluated the properties of preoperative serum C-reactive protein (CRP), real-time polymerase chain reaction (PCR), and histopathological evaluation of frozen and permanent sections in clinical cases with culturepositive PJI.
Different diagnostic properties of C-reactive protein, realtime PCR, and histopathology of frozen and permanent sections in diagnosis of periprosthetic joint infection  Periprosthetic joint infection (PJI) is still commonly regarded as a challenge, especially in terms of diagnosis (Bauer et al. 2006) . Conventional culture methods were long regarded as the gold-standard test for diagnosing PJI; however, several recent studies have shown that this approach has limited accuracy, particularly in low-grade infections that often cause false-negative results (Tunney et al. 1999 , Kobayashi et al. 2008 . Since no particular method has been able to provide definitive information (Bare et al. 2006 ), a more comprehensive approach is needed.
For the diagnosis of PJI, we used serum C-reactive protein (CRP) measurement as a preoperative diagnostic tool, frozen histopathologic evaluation and real-time polymerase chain reaction (PCR) as intraoperative tools, and permanent histopathological evaluation and microbiological culture as postoperative tools. We have previously reported the usefulness of an intraoperative real-time PCR assay after sonication (Esteban et al. 2012) for the detection and quantification of PJI. This was found to be a rapid method capable of specifically identifying methicillin resistance (Kobayashi et al. 2009 , Miyamae et al. 2012 ). Histopathological evaluation is thought to be reliable in the diagnosis of bacterial infections because of its high specificity, but previous reports have indicated that intraoperative analysis using frozen sections has poor sensitivity (Della Valle et al. 1999 , Kanner et al. 2008 . Because the premises of these diagnostic tests are basically different (quantification of a protein induced by inflammatory responses (CRP), bacterial DNA in PCR, and neutrophil infiltration in histopathology), their sensitivity and specificity might also be different. In this study, we compared the properties of each diagnostic testincluding the sensitivity and specificity of preoperative serum CRP, real-time PCR, and histopathology of frozen and paraffin tissue sections-in clinical cases with PJI, using the culture result as the definitive diagnostic test.
Patients and methods
This retrospective study was approved by our institutional review board. From January 2007 through June 2012, 63 joints from 86 operations were enrolled in this study. These operations included 63 hip surgeries (16 1-stage revision arthroplasties, 28 2-stage revision arthroplasties, and 19 implant removals), 13 knee surgeries (8 2-stage revision arthroplasties and 5 implant removals), and 10 debridement surgeries, for suspected infection or aseptic loosening. 15 patients were treated with antibiotics within a week of the surgical procedure. Of these 15 patients, 9 received antibiotics for chronic suppression during the period from the last operation to the next operation, 4 patients received antibiotics for several days before the first operation because of a strong suspicion of infection, and 2 patients received antibiotics for other diseases.
In all cases, serum CRP was measured just before each operation, and tissue samples were collected intraoperatively for real-time PCR, histopathology (using frozen and paraffin tissue sections), and for microbiological culture. The intraoperative tissue samples were collected from 3 different places for each test; also, in 51 cases joint fluids were collected for microbiological culture. 5 cases with inflammatory disease (2 with rheumatoid arthritis, 2 with malignant tumors, and 1 with systemic lupus eryhtematosus (SLE)) were excluded because of the possible influence on the tests. Thus, we analyzed the remaining 81 cases for serum CRP, PCR, paraffin histopathology, and microbiological culture, and 71 cases for frozen histopathology data. No cases in our cohort had other inflammatory diseases that could be found on routine examination.
Serum CRP
With respect to serum CRP value, we set the cutoff to 1.0 mg/dL for the diagnosis of infection, based on the results of receiver operating characteristic analysis (data not shown).
Real-time PCR
Intraoperative real-time PCR assays were performed as described previously (Kobayashi et al. 2009 ). Briefly, for manual DNA extraction, samples from the operating room underwent ultrasonication (Bransonic 2510 Ultrasonic cleaner; Branson Ultrasonics, Danbury, CT) at a frequency of 40 kHz for 5 min using a plastic bag and 1 mL sterile water. The sonicated solutions were collected and then applied to a DNA purification column (QIAamp DNA Mini Kit; QIAGEN GmbH, Hilden, Germany). A universal PCR assay (LightCycler; Roche Diagnostics Corporation, Indianapolis, IN) that targeted the 16S rRNA gene was performed for the broad detection of microbes and for quantitative analysis, while an MRS-PCR assay that targeted the mecA gene was performed for specific detection of methicillin-resistant staphylococcus (MRS). Using a universal PCR, the differences in threshold cycles between clinical samples and negative control (∆Ct) were calculated in each case based on the LightCycler quantification mode. We regarded cases as infected with over 1.9 cycles of ∆Ct or with the detection of MRS in at least 1 sample (Miyamae et al. 2012) .
Histopathology
Postoperative histopathological analysis of the intraoperative frozen and paraffin tissue sections was performed by 2 specialists of pathology certified by the Japanese Society of Pathology. We regarded cases with more than 10 neutrophils per high-power field (HPF) to be infected (400× magnification, with a field diameter of 0.6 mm and 5 fields counted) (Lonner et al. 1996 , Banit et al. 2002 .
Microbiological culture
All specimens were analyzed using standard microbiological cultures with a direct plating method and broth medium. The culture was scored as positive if the same bacterial organism was identified in at least 2 different tissue or joint fluid samples.
Statistics
We calculated the sensitivity, specificity, likelihood ratio of positive test results, and likelihood ratio of negative test results for serum CRP value, real-time PCR, and histopathology of frozen and permanent sections using the culture result as a reference.
Results
In the evaluation of preoperative serum CRP levels, excluding 5 inflammatory cases there were 61 cases with a CRP level of less than 1.0 mg/dL and 20 cases with a serum CRP level of over 1.0 mg/dL. The mean CRP value was 1.7 (0-21) mg/dL. Real-time PCR gave 33 negative and 48 positive results. Pathological evaluation of frozen sections gave 59 negative and 12 positive results. Pathological evaluation of paraffin sections gave 63 negative and 18 positive results. Microbiological culture gave 71 negative and 10 positive results.
The results of serum CRP measurement, real-time PCR, histopathology, and culture from the 10 cases where some organisms grew in culture are summarized in Table 1 . The sensitivity and specificity of the diagnosis using serum CRP were 90% and 85%, respectively. Those of real-time PCR, histopathology of frozen sections, and histopathology of paraffin sections were 90% and 45%, 71% and 89%, and 90% and 87%, respectively (Table 2) . Serum CRP had a likelihood ratio of positive test results of 5.8, and a likelihood ratio of negative test results of 0.12. Real-time PCR had corresponding figures of 1.6 and 0.18, histopathology of frozen sections 6.6 and 0.32, and histopathology of paraffin sections 7.1 and 0.11, respectively (Table 3 ). There was concordance between diagnosis evaluated by frozen and paraffin sections in 68 cases (90%).
In the 15 patients who had received antibiotics before surgery, 3 cases were culture-positive, and all 3 cases had high serum CRP value (> 9.0mg/dL) with acute onset, and were therefore were given antibiotics for several days. 12 cases of those 15 were culture-negative and 11 of these 12 cases were treated with antibiotics for chronic suppression, for weeks or months. Real-time PCR detected a microorganism in 9 cases out of the 12 culture-negative cases.
Case 2 was a case with unclear infection (Figure 1 ). The preoperative serum CRP value was 0.42 mg/dL, and the patient underwent surgery with suspicion of PJI. Intraoperative histopathology showed negative results, but real-time MRS-PCR revealed positive findings; we therefore diagnosed infection with MRS and performed implant removal. Also, the result of histopathology of paraffin sections was positive, and culture revealed methicillin-resistant Staphylococcus epidermidis. After 3 months, a 2-stage revision was performed after intraoperative confirmation of a negative result by real-time PCR.
Case 8 was a representative case of PJI (Figure 2 ). This patient with a hip prosthesis had a preoperative serum CRP value of 1.36 mg/dL, which led to a strong suspicion of PJI, and the patient underwent surgery. Intraoperative histopathological findings were positive with substantial neutrophil counts, and an implant removal was performed. As expected, the supplementary PCR result was also positive. In postoperative tests, histopathological findings of paraffin sections were the same as intraoperative findings, and the culture was positive for streptococcus.
Discussion
A combination of several different tests, which have different sensitivities and specificities, is essential for accurate diagnosis of PJI. Recent recommendations in clinical guidelines have included erythrocyte sedimentation rate (ESR) and serum CRP testing, hip or knee aspiration, frozen sections of intraoperative tissue in patients undergoing reoperation, and multiple cultures for the assessment of PJI (Della ). Up-and-coming tests, mentioned not only in guidelines but also in some recent studies, include aspirated or intraoperatively collected joint fluid, analyzed particularly for white blood cell (WBC) count or differential . In this study, we compared results from serum CRP, real-time PCR, and histopathology of frozen and paraffin sections with culture results. Serum CRP measurement, which is available in most hospitals, still has an important role in the diagnosis of periprosthetic infections. Furthermore, serum CRP is strongly recommended as the best way to rule out PJI, and it is more effective when combined with ESR (Della ). When PJI is suspected based on serum CRP or ESR, supplementary assay examinations such as joint aspiration should be done (Della . We ascertained that serum CRP determination had sufficient sensitivity and specificity with a cutoff value of 1.0 mg/dL, which has also been recommended in recent guidelines . PCRbased assays for the detection and quantification of viral or bacterial infections have been useful in some fields (Yang et al. 2005 , Darton et al. 2009 , Peters et al. 2009 ). Although some reports have shown that PCR is not superior to microbiological culture (Ince et al. 2004) , the majority of these studies have highlighted the usefulness of PCR-based techniques for the diagnosis of PJI (Mariani et al. 1996 , Tunney et al. 1999 , Tarkin et al. 2003 , Clarke et al. 2004 ). We have previously described the usefulness of intraoperative identification of bacterial DNA by PCR for the diagnosis of PJI, and we reported a comparatively high sensitivity of 87% and specificity of 80% in clinical use (Kobayashi et al. 2009 ). We have also shown the usefulness of real-time PCR for the quantitative evaluation of PJI, and we confirmed that there was a positive correlation between these results and preoperative serum CRP values, microbiological culture results, and severity of tissue pathology (Miyamae et al. 2012) .
In general, patients with suspicion of PJI who are undergoing surgery should be analyzed using frozen sections (Della , Tsaras et al. 2012 . Some studies have suggested that evaluation of the neutrophils in frozen sections is useful for diagnosis of periprosthetic infection, with a higher number of invasive neutrophils signifying a higher suspicion of infection. However, previous reports have suggested that intraoperative analysis using frozen sections has poor sensitivity in this regard (Della Valle et al. 1999 , Kanner et al. 2008 . One should therefore use supplementary intraoperative tests with high sensitivity, including real-time PCR.
In this study, we confirmed that serum CRP has a high sensitivity equal to that of PCR and a high specificity close to that of histopathology, which supports the recommendation to use serum CRP for preoperative screening of PJI. Although this is still unclear in low-grade infections, such as culture-negative cases, we confirmed that there was satisfactory performance of serum CRP at least in culture-positive cases. As for intraoperative evaluation of PJI, we found that real-time PCR is useful for screening of infections, with its high sensitivity and good negative likelihood ratio, while histopathological evaluation is suitable for definitive diagnosis of infection, with its excellent specificity and good positive likelihood ratio. These 2 different characteristics, sensitivity of PCR and specificity of histopathology, make them a reasonable combination for accurate intraoperative diagnosis.
Occasionally, we face cases that are PCR-positive and histopathology-negative, or vice versa. This discrepancy between diagnostic tests can be caused by several factors, such as preoperative antibiotic treatment or infection with low-virulence bacteria (Bori et al. 2009 ). In such cases, the properties of each diagnostic test should be considered. In some cases such as case 2, we could not diagnose infection confidently with serum CRP value and a negative histopathology result; however, the positive result from real-time PCR gave suspicion of infection, with its high sensitivity. In these instances, the possibility of low-grade infection should be kept in mind. On the other hand, in cases with strong suspicion of infection from preoperative evaluation, such as case 8, the positive histopathological result was important for a definitive diagnosis, with its high specificity.
The present study allowed comparison of the histopathology of frozen and paraffin sections. Generally, a discrepancy between the findings from frozen and paraffin sections may occur due to differences in the quality of the sections. Several reports have indicated that analysis of frozen sections agrees with that of paraffin sections (Lonner et al. 1996 , Stroh et al. 2012 , whereas another report showed a lower concordance rate (Tohtz et al. 2010) . Stroh et al. (2012) reported a high concordance rate of 97%, in which a mean of greater than 5 polymorphonuclear leukocytes per HPF was the criterion for positive diagnosis. Tohtz et al. (2010) reported a relatively low concordance rate of 78%, in which pathological findings were classified according to the score of a consensus classification (Morawietz et al. 2006 ). In the current study, although analysis of frozen sections showed lower sensitivity than analysis of paraffin sections or other tests, we confirmed that it has as high a specificity as analysis of paraffin sections. Also, from this point of view frozen sections appear to be suitable for definitive diagnosis.
One major limitation of our study was that we used only microbiological culture results as the definitive diagnostic criterion, which possibly overlooked cases of infection that were culture-negative. Culture-negative PJI should also have been included in our series. For example, when we diagnosed PJI based on the combination of histopathology, PCR, and culture in our previous work, culture-negative but histopathology-positive or PCR-positive cases existed (Kobayashi et al. 2009 ). In the present series, there were 4 cases of serum CRPpositive, PCR-positive, histopathology-positive but culturenegative results, which could have been low-grade infection. However, the aim of this study was not to evaluate the reliability of diagnostic tests, but to compare their properties. For that purpose, we needed to have one independent criterion to compare several different tests impartially, and that is why we used only microbiological culture as the diagnostic criterion or as a reference test. Another limitation is that the influence of antibiotics on the results should be considered. 15 patients were treated with antibiotics within a week of the surgical procedure. The antibiotic treatment possibly affected the results of microbiological culture, PCR, and histopathology. In addition, we must consider the effect of underlying inflammatory conditions such as rheumatoid arthritis. We excluded 5 such cases from the series.
In conclusion, this study demonstrated several important points. First, serum CRP was re-affirmed to be useful as a preoperative screening test for PJI, with its high sensitivity. Second, real-time PCR and histopathological evaluation of frozen sections have different, valuable roles in intraoperative diagnosis of PJIs. It is important to consider their different characteristics when using several tests simultaneously for diagnosis of PJI. In addition, we confirmed that histopathology of frozen section has a high specificity which is equal to that of paraffin sections, although its sensitivity is lower.
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